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(57) ABSTRACT

A thermally assisted magnetic recording head is disclosed
with a light delivery waveguide circuit wherein a middle
section of the primary waveguide (WG) has a curved
portion. In one embodiment, the curved portion connects to
a front WG section at the air bearing surface (ABS) and is
offset in a cross-track direction from the laser diode to
prevent stray light from heating metal parts proximate to the
front section and undesirable writer protrusion. Optionally,
a reflective blocker is inserted between the WG spot size
converter and ABS. In a second embodiment, the laser
diode, spot size converter, and front WG section are all
aligned along a center slider plane. The curved portion has
at least one 180° bend to bend light around the blocker that
is between the spot size converter and WG front section. The
blocker is tilted to prevent reflected light from returning to
the laser diode.

28 Claims, 8 Drawing Sheets
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1
THERMAL ASSISTED MAGNETIC
RECORDING LIGHT DELIVERY
WAVEGUIDE CIRCUIT FOR REDUCED
STRAY LIGHT INDUCED WRITER
PROTRUSION

RELATED PATENT APPLICATIONS

This application is related to the following: U.S. patent
application Ser. No. 14/880,385, filing date 10/12/15; and
U.S. Pat. No. 8,488,419, which are assigned to a common
assignee; and herein incorporated by reference in their
entirety.

TECHNICAL FIELD

The present disclosure relates to magnetic read/write
heads based on thermally assisted magnetic recording
(TAMR), and in particular to a waveguide structure wherein
a front section of a primary waveguide proximate to an air
bearing surface (ABS) is offset from a back section includ-
ing a spot size converter that is adjacent to a laser diode
source in order to prevent stray light from heating metal
structures in the write head and unwanted writer protrusion.

BACKGROUND

TAMR is expected to be one of the future generations of
magnetic recording technologies that will enable recording
at ~1-10 Tb/in® data densities. TAMR involves raising the
temperature of a small region of the magnetic medium to
near its Curie temperature where both of its coercivity and
anisotropy are significantly reduced and magnetic writing
becomes easier to achieve even with weak write fields
characteristic of small write heads in high recording density
schemes. In TAMR, optical power from a laser diode is
converted into localized heating in a recording medium
during a write process to temporarily reduce the field needed
to switch the magnetizations of the medium grains. Thus,
with a sharp temperature gradient of TAMR acting alone or
in alignment with a high magnetic field gradient, data
storage density can be further improved with respect to
current state of the art recording technology.

In addition to the components of conventional write
heads, a TAMR head includes an optical waveguide (WG),
and a plasmon generator (PG) that is also referred to as a
near-field transducer. The waveguide serves as an interme-
diate path to guide light (from a laser diode mounted on the
back of a slider) to the PG where the waveguide optical
mode couples to the propagating plasmon mode of the PG.
After the optical energy is transformed to plasmon energy
with energy transmission along the PG, it is concentrated at
the medium location where heating is desired. Ideally, the
heating spot is correctly aligned with the magnetic field from
the write head to realize optimum TAMR performance.

Due to an inherent mode profile mismatch between the
laser diode’s far-field and the waveguide mode required to
excite the near-field transducer, the waveguide’s cross-
sectional dimensions are commonly varied along the length
of the slider so as to improve the coupling efficiency. The
portion of the optical waveguide (WG) where the cross-
sectional dimension changes along the light’s propagation
direction is typically called the spot-size converter. The
spot-size converter usually includes multiple WG layers
stacked on top of each other so that the total stack thickness
is on the order of the laser diode spot size (around 1 micron).
To achieve lateral confinement of light, the WG layers are
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tapered in the cross-track direction. For vertical confinement
of light, all of the WG layers except the primary waveguide
that eventually terminates at the ABS, may be tapered in the
cross-track direction to a tip that is recessed from the ABS,
and with a small cross-track dimension to force the propa-
gating light mode into the primary WG.

Even with confinement of light by using a spot size
converter, a substantial amount of light from the laser diode
will not be coupled into the waveguide but will instead travel
the length of the slider in weakly confined cladding modes.
The unconfined stray light is absorbed by any metal ele-
ments such as write pole structures in its path thereby
causing thermo-mechanical expansion of the metal struc-
tures to produce undesired broad area writer protrusion. This
stray light issue is associated with designs where the laser
diode is butt coupled (i.e. end-fire coupled) into a spot-size
converter waveguide. Part-to-part differences in laser diode
to waveguide mounting alignment result in significant part-
to-part variability in the amount of stray light and broad area
writer protrusion that is induced. Accordingly, writer pro-
trusion becomes an uncontrolled parameter.

Since spot size converters are commonly used in the
industry, there is a need for an improved light delivery
circuit for TAMR layouts where a laser diode is end-fire
coupled into a spot size converter waveguide so that stray
light does not lead to writer protrusion. The new design
should minimize wear on protruded parts, and improve
adhesion between adjoining layers by preventing undesir-
able stress on write head components. Thus, it is desirable to
substantially reduce writer protrusion induced by stray light
in order to improve reliability.

SUMMARY

One objective of the present disclosure is to provide an
improved TAMR light delivery waveguide circuit that pre-
vents stray light from an end-fired coupled laser diode from
causing thermo-mechanical expansion of metal elements
such as the write pole that leads to unwanted writer protru-
sion and write head stress.

A second objective of the present disclosure is to provide
a TAMR light delivery circuit according to the first objective
that retains a good waveguide mode for optimal light
coupling to the near field transducer, and maintains high
light transmission efficiency.

These objectives are realized in embodiments of the
present disclosure wherein a TAMR write head structure
includes a write pole, and a plasmon generator (PG) formed
proximate to a leading edge of the write pole at the ABS.
There is also an optical waveguide (WG) with a top surface
that faces the PG such that the PG is between the WG and
write pole in a down-track direction. The waveguide struc-
ture includes a primary waveguide and one or more second-
ary waveguides that capture light from a laser diode attached
to a sub-mount on the back end of a slider. As the light
propagates toward the ABS, the spot size converter section
is tapered and laterally confines light in the cross-track
direction. Light is also confined in the down-track direction
by terminating the one or more secondary waveguides
before reaching the ABS such that only the primary wave-
guide having a fixed thickness extends to the ABS. A portion
of the light energy from a front section of the primary
waveguide is transferred to the plasmon mode along the PG
by evanescent coupling and is then propagated to the ABS
and is near field coupled into a magnetic medium for spot
heating during a write process.
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A key feature of the present disclosure according to some
embodiments is that the back portion of the waveguide
structure including the spot size converter is offset in a
cross-track direction from the front section of the primary
waveguide at the ABS. In particular, the back portion of the
waveguide structure has a first rectangular section at the
back end of the slider where a first end faces the laser diode,
a second end having a cross-track width w1 faces the ABS
and is parallel thereto, and two sides connecting the first and
second ends where the two sides are formed perpendicular
to the back end of the slider. A second waveguide section
comprises the spot-size converter and has two tapered sides
in a primary WG each extending from a second end of the
first rectangular portion at a first plane to a second plane
formed parallel to the ABS. The spot size converter has a
cross-track width w2 at the second plane where w2<w1. The
second waveguide section may also include a second rect-
angular portion having width w2 and extending a distance
d2 from the second plane to a third plane formed parallel to
the ABS. The first and second waveguide sections are offset
a distance w3 from a center plane formed perpendicular to
the ABS and that intersects the PG. Optionally, the first
rectangular section is omitted and the back side of the
waveguide structure is formed at the first plane.

There is a third waveguide section consisting of the
primary waveguide. According to one embodiment, the third
WG section has a first bend where a first end thereof
connects to a front side of the second WG section at the third
plane, and a second end is connected to a straight portion of
primary WG formed parallel to the ABS. At the opposite end
of the straight portion, there is a second bend that connects
to a fourth waveguide section having a rectangular shape
and a lengthwise dimension d1 along the center plane. The
fourth WG section is aligned perpendicular to the ABS and
terminates at the ABS. The fourth WG section is responsible
for evanescent coupling to the PG and has a cross-track
width w2. Preferably, the cross-track offset (w3) of the spot
size converter and second WG section from the center plane
is from 20 to 200 microns, and w2 is in the range of 400 nm
to 800 nm.

The third waveguide section in the previous embodiment
is fabricated such that each of the two bends is formed at an
angle o between 30 and 90 degrees with respect to the center
plane, or to a plane that is orthogonal to the ABS and bisects
the spot size converter in a lengthwise direction. Each of the
two bends has a bending radius of at least 10 to 20 microns
to avoid sharp turns and prevent a significant loss of light
from the waveguide path.

In another embodiment, a metal blocker made of Au or
Cu, for example, or a laminated stack of dielectric materials
may be inserted between a front end of the second WG
section and the ABS in order to block any stray light from
the laser diode that is not coupled into the waveguide
structure. The metal blocker preferably is formed between
the second plane and third plane, has a lengthwise dimension
substantially in a cross-track direction, and is not parallel to
the second plane such that reflected light is not directed back
to the laser diode thereby avoiding an optical feedback
induced laser diode instability issue.

In another embodiment, the metal blocker is inserted
between a front side of the spot size converter and the fourth
(front) section of the primary WG at the ABS. However, the
back portion of the waveguide structure including the spot
size converter is now formed along the same center plane as
the front waveguide section at the ABS. In addition, the third
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waveguide section has a 180 degree bend that is a half circle
shape to allow space for the metal blocker to be intersected
by the center plane.

The present disclosure also anticipates that the aforemen-
tioned embodiment may be modified to include a second
180° bend around a writer back gap that is positioned
between the metal blocker and the ABS at the center plane.

The present disclosure is also a method of fabricating a
waveguide structure as defined herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top-down view of a plasmon generator (PG)
structure formed on a waveguide according to a process of
record employed by the inventors.

FIG. 2 is an ABS view of a TAMR structure with the PG
and waveguide in FIG. 1, and a write pole according to a
design currently practiced by the inventors.

FIG. 3 is a down-track cross-sectional view showing a PG
formed between a primary WG and a write pole at the ABS
where the TAMR heating spot overlaps with a magnetic field
on a magnetic medium in a TAMR scheme.

FIG. 4 is a top-down view of the primary waveguide
portion of a spot size converter according to a design
currently fabricated by the inventors.

FIG. 5 is top-down view of TAMR light delivery wave-
guide circuit with a front section that is offset in a cross-track
direction from a back section formed adjacent to a laser
diode according to a first embodiment of the present disclo-
sure.

FIG. 6 is an enlarged view of a middle waveguide section
including two bends in the waveguide structure in FIG. 5.

FIG. 7 is a top-down view of a TAMR light delivery
waveguide circuit with a front section that is offset in a
cross-track direction from a back section, and further
includes a blocker according to a second embodiment of the
present disclosure.

FIG. 8 is an enlarged view of a middle waveguide section
including two bends in the waveguide structure in FIG. 7.

FIG. 9 is a top-down view of a TAMR light delivery
circuit with a 180 bend around a metal blocker in a middle
waveguide section according to a third embodiment of the
present disclosure.

FIG. 10 is a top-down view of a TAMR light delivery
circuit with a first 180° bend around a metal blocker and a
second 180° bend around a writer back gap according to
another embodiment of the present disclosure.

FIG. 11 is a top-down view of a TAMR light delivery
circuit with a first bend around a metal blocker, and a second
bend around a writer back gap according to an embodiment
of the present disclosure.

FIGS. 12-18 are down-track cross-sectional views depict-
ing a process flow for forming a TAMR light waveguide
circuit according to a method of the present disclosure.

DETAILED DESCRIPTION

The present disclosure is a TAMR light delivery wave-
guide circuit that minimizes unwanted writer protrusion
caused by stray light emanating from a laser diode that
induces thermo-mechanical expansion of metal parts proxi-
mate to the ABS. In all embodiments, the waveguide struc-
ture is comprised of a primary waveguide having a back
section including a spot size converter, and a front section at
the ABS. In some embodiments, the spot size converter and
laser diode are offset in a cross-track direction from the front
section that is formed along a center plane on a slider. In
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other embodiments, the spot size converter, laser diode, and
front section are all formed along the center plane, and a
middle waveguide section includes at least one 180° bend to
provide space for a metal blocker to reflect stray light. In all
drawings, the y-axis is the cross-track direction, the z-axis is
the down-track direction, and the x-axis extends towards a
back end of the slider on which the TAMR head including
the waveguide structure is formed. The drawings are not
necessarily drawn to scale. In particular, the cross-track
dimension of the waveguide structure may be enlarged
relative to the lengthwise dimension in order to clearly
depict the light bending portions in the middle waveguide
section, and tapered sides of the spot size converter. The
terms plasmon generator (PG) and near field transducer may
be used interchangeably.

Referring to FIG. 1, a top-down view is shown of a
portion of a TAMR head with a waveguide and plasmon
generator (PG) that was previously disclosed by the inven-
tors in related U.S. Pat. No. 8,488,419 wherein the PG is
comprised of a metal peg 12 and an overlying metal layer 11
bounded by front tip 11¢, sides 115, 11d, and back end 11c.
Peg 12 is one of Au, Cu, Ru, Cr, Pd, Pt, Ti, W, Ta, Fe, Co,
Ni, or alloys thereof to provide low atom mobility, good
thermal robustness and mechanical hardness, and superior
resistance to corrosion. Metal layer 11 is comprised of Au,
Cu, Ag, or alloys thereof for excellent optical efficiency. As
a result, the PG has improved performance and durability
over earlier PG structures. According to one embodiment of
the present disclosure, the aforementioned PG design is
implemented in a TAMR head with a waveguide structure
described herein. However, it should be understood that
other PG structures are compatible with the TAMR light
delivery waveguide circuit disclosed herein.

With regard to the top-down view in FIG. 1 where
overlying layers including the write pole have been
removed, metal peg 12 has a rod-like appearance with a
rectangular shape having a width m in a cross-track direction
along the y-axis, a lengthwise dimension u of up to 2
microns along the x-axis, and a front end (tip) 127 at the ABS
30-30. Although the waveguide is shown having a greater
width in the cross-track direction than a back end 11c of
second metal layer, the second metal layer 11 may have a
larger cross-track width than that of waveguide 10 in other
embodiments. Note that the waveguide with sides 10s3
extends to a back end of the slider (not shown) on which the
TAMR head is formed. A portion of second metal layer top
surface 11e2 is formed above the metal peg 12, but the bulk
of'the top surface 11e1 is not above the first metal layer. Two
sides 115 of the second metal layer extend from the back end
toward the ABS at essentially 90 degree angles and each side
115 connects with a curved side 114 that terminates in a front
end 11¢ above the metal peg. The front end is substantially
narrower than the back end in order to concentrate plasmon
energy on the metal peg. The front end is recessed from the
ABS by a distance n of 5 to 150 nm. A back end PG section
has a rectangular shape and is bounded by sides 116 and
formed between plane 5-5 and the back end 11c.

Referring to FIG. 2, an ABS view is shown of the PG and
waveguide structure in FIG. 1. Metal peg tip 127 is formed
between a top surface 107 of the waveguide and a leading
edge 145 of write pole 14, and typically has a width less than
a cross-track width of the leading edge. The metal peg tip is
not limited to a square shape but may have another polygo-
nal shape such as a trapezoid. Top and bottom surfaces of the
metal peg are formed parallel to the waveguide top surface.
In one aspect, the write pole has a trapezoidal shape at the
ABS with the leading edge having a smaller cross-track
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width than that of the trailing edge 14¢. Sidewalls 14s
connect top and bottom sides of the write pole. The trailing
edge is part of the write pole trailing side. The TAMR head
including PG tip 127, waveguide 10, and write pole 14 move
in a down-track direction over a magnetic medium (not
shown) during a write process. Tip 127 is separated from the
write pole by a dielectric gap 18 with thickness v, and is
separated from waveguide top surface 107 by dielectric gap
17. As the down-track thickness of tip 12¢ is decreased, the
gap distance v is preferably reduced to maintain a good
alignment of the magnetic field from the write pole and
optical spot from the metal peg on the magnetic medium.

Referring to FIG. 3, a down-track cross-sectional view is
shown of a portion of the TAMR write head in FIG. 2.
Propagated light 35 from the primary waveguide 10 is
coupled to the plasmon generator 12. The resulting plasmon
energy 40 is evanescently coupled into a magnetic medium
50. Ideally, there is significant overlap of the resulting
heating spot from the plasmon energy with the magnetic
field 70 emanating from the write pole 14 in order to lower
the magnitude of the magnetic field required to write a bit
51.

In related U.S. patent application Ser. No. 14/880,385, we
disclosed a spot size converter in a waveguide structure
where a front end of the one or more secondary waveguides
terminates in a ridge with a finite cross-track width. Unlike
the prior art where secondary waveguides typically termi-
nate in a sharp tip, the ridge is reliably manufactured in a
width of 50-170 nm and maintains high efficiency coupling
of 90% or more into the primary WG even with overlay
misalignment in the cross-track or lengthwise dimension of
the primary WG on the secondary WG.

Here we disclose additional improvements in a TAMR
light delivery waveguide circuit that may incorporate the
spot size converter design in the related patent application.
However, the waveguide structure disclosed herein is not
limited to a specific spot size converter and anticipates the
use of other spot size converter designs to offer improved
TAMR performance. In all embodiments, propagated light
in the one or more secondary waveguides is coupled into the
primary waveguide. Thereafter, light in the primary WG is
evanescently coupled to the PG where plasmon energy is
transmitted to the ABS and evanescently coupled to a
magnetic medium to generate a heating spot and thereby
assist the write process.

Referring to FIG. 4, a top down view of a primary
waveguide 10 currently fabricated by the inventors accord-
ing to a process of record (POR) is illustrated. A laser diode
33 is end-fire couple mounted at the back end 7e of a slider.
The primary WG is formed within a substrate 8 that is a
dielectric (cladding) layer, and typically has a core made of
Ta, 0, HfO,, Si, or the like with a high refractive index (RI).
The cladding layer is comprised of a dielectric material such
as alumina or silicon oxide. It is important that the refractive
index (RI) of the cladding material is less than the RI of the
core in order to maintain guided (i.e. confined) light trans-
mission through the core and facilitate efficient light propa-
gation toward the ABS and to the near field transducer.
Primary WG 10 has a back section having a cross-track
width w1 and bounded by sides 10s1, back side 10e, and a
front side along plane 40-40. There is a spot size converter
between plane 40-40 and plane 41-41 where tapered sides
10s2 laterally confine light 35 propagated toward the ABS
30-30. The spot size converter may include a secondary
waveguide (not shown) that contacts a bottom surface of
WG 10, and with a back end of width w1 at back side 7e, and
terminating at a front end proximate to plane 41-41. A front



US 9,466,320 B1

7

section of the primary WG is rectangular shaped with a cross
track width w2, which is preferably 400 to 800 nm, between
sides 10s3 where w2<w1. The front section extends from
plane 41-41 to the ABS and terminates at front side 10/

One issue with the POR design is stray light 36 that is not
coupled into the waveguide structure propagates to the ABS
30-30 in a region between dashed lines 32 as well as above
and below the waveguide structure between plane 41-41 and
the ABS. As a result, metal structures in the path of light 36
such as write pole 14 shown in FIG. 1 are heated and expand
toward the medium. Excess heating of metal parts in the
write head will produce internal stress, and cause the writer
to protrude farther toward the medium than intended thereby
leading to extra wear.

A laser diode 33 emitting light with a transverse-magnetic
(TM) mode is preferably selected to provide light with a
wavelength around 800 nm. The width w1 of the waveguide
structure at back end 10e is dictated by the size of the light
spot emanating from the laser diode whose emitting facet
faces the back of the slider. Likewise, a total thickness of the
waveguide structure including primary waveguide 10 and
one or more secondary waveguides is chosen to be on the
order of the laser spot size (approximately 1 micron or 1000
nm) in the down-track dimension. Light 35 from WG 10 is
coupled to a PG (not shown) that is formed above the top
surface of WG 10 and between plane 41-41 and the ABS.

According to various embodiment of the present disclo-
sure, unwanted heating of metal structures proximate to the
ABS by stray light from the laser diode in a TAMR light
delivery waveguide circuit is prevented by introducing an
offset of the back section of the waveguide structure from
the front section at the ABS. In other words, the front section
terminating at the ABS is maintained along a center plane of
the slider. However, the laser diode and remainder of the
waveguide including the spot size converter are offset in a
cross-track direction from the center plane.

Referring to the first embodiment depicted in FIG. 5, the
primary waveguide has three sections 10a, 105, and 10c
wherein the back section 10a comprises a rectangular
shaped sub-section (portion) 10-1 aligned along a plane
44-44 that is parallel to center plane 45-45, and which
intersects the laser diode 33 mounted on a sub-mount 31.
The back section also includes the spot size converter 10-2
having tapered sides between plane 40-40 and plane 41-41
as described previously. A back side of the spot size con-
verter adjoins an ABS facing side of portion 10-1 at plane
40-40. In some embodiments, portion 10-1 may be omitted
such that the laser diode 33 adjoins a back end of the slider
at plane 40-40. The spot size converter narrows the cross-
track width of the primary WG from w1 at plane 40-40 to w2
at plane 41-41. Moreover, the back section may include a
third portion 10-3 having a fixed width w2 and a length d2
between plane 41-41 and plane 42-42 wherein both of the
aforementioned planes are parallel to the ABS and located
between plane 40-40 and the ABS. The third portion 10-3
(when present) and spot size converter are bisected in a
lengthwise dimension by plane 44-44 and propagate light
toward the ABS. Note that laser diode 33 is not centered on
sub-mount 31 but is positioned closer to side 31s1 than to
side 31s52. Preferably, slider 8 and laser diode sub-mount 31
are centered about center plane 45.

A key feature of the present disclosure is insertion of a
curved section also referred to as middle section 104
wherein a back end thereof adjoins section 10a at plane
42-42, and a front end adjoins a third section 10c at plane
43-43. The front end is also intersected by center plane
45-45 at plane 43-43. In the exemplary embodiment, the
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curved section also includes a straight portion that may be
aligned parallel to the ABS and formed between the front
and back ends of section 104. In an alternative embodiment
described in more detail later, the straight portion may be
aligned at an angle between 30° and 90° with respect to
plane 44-44. As a result, the back end is offset a distance w3
of about 20 to 200 microns from the front end of the curved
section. Front section 10c¢ is rectangular shaped with sides
10s4 separated by distance w2 and with a front side 10f at
the ABS. The front section is bisected in a lengthwise
direction (orthogonal to the ABS) by center plane 45-45, and
is responsible for evanescent coupling of light energy to the
PG 38, which is also intersected by the center plane. The PG
is shown with dashed lines since it is formed above a plane
that includes the top surface of the waveguide light delivery
circuit. In some embodiments, plane 43-43 is a height d1 of
10 to 15 microns from the ABS. The PG normally extends
a height d of about 1 micron from the ABS.

In the enlarged drawing of second curved section 106 in
FIG. 6, both of the back end portion 1051 and front end
portion 1053 have a curved shape wherein a radius of
curvature r is at least 10 microns, and preferably 20 microns,
in a cross-track direction in order to enable bending of light
without loss of propagated light 35 in the primary wave-
guide. In other words, r relates to the cross-track distance
between plane 44-44 and the nearest end of straight portion
1052, and the cross-track distance between the opposite end
of the straight portion and center plane 45-45. Straight
portion 10562 contacts both end portions 10561, 10563.

According to a second embodiment of the present disclo-
sure depicted in FIG. 7, waveguide sections 10a, 10c are
retained from the first embodiment. Moreover, the curved
middle section 105 may have two curved end portions, and
the straight portion 1052 therebetween, which forms an
angle o of 30 to 90 degrees with respect to plane 44-44 or
to center plane 45-45. Moreover, a blocker 50 that serves as
areflective surface is added between the front side of portion
10-3 at plane 42-42 and the ABS 30-30 to prevent stray light
36 from the laser diode 33 from reaching metal structures
such as the write pole in the vicinity of the ABS. The blocker
is made of a metal or alloy such as Au, Ag, Cu, Cr, Ru, NiFe,
FeCo, or the like, or may be a laminated stack of dielectric
layers comprised of one or more of Ta,Os, alumina, or other
dielectric materials. The blocker has sufficient cross-track
width and down-track thickness to block all light from the
laser diode that is not coupled into the waveguide light
delivery circuit comprised of sections 10-1, 10-2, and 10-3.
In a preferred embodiment, the blocker is formed between
plane 42-42 and plane 43-43. As a result, stray light is
reflected toward a back end 7e of the slider as depicted by
light 367

The blocker may have a rectangular shape with a length-
wise dimension along surface 50s that is substantially in the
cross-track direction and is intersected by plane 44-44.
Preferably, the blocker is tilted such that surface 50s forms
an angle 9 that is greater than 0 degrees with respect to plane
43-43. The blocker thickness (height) in the x-axis direction
is on the order of 200-400 nm when a metallic material is
selected. When a laminated stack of dielectric material is
employed for the blocker, the x-axis height is about 1 micron
or greater at plane 44-44 in order to function effectively as
a mirror to reflect stray light from the laser diode.

Because stray light 36 from laser diode 33 travels via
loosely guided cladding modes that exist in the plane of the
waveguide as well as in the regions proximate to the
waveguide top and bottom surfaces, the blocker 50 may
have a down-track thickness greater than the combined



US 9,466,320 B1

9

thickness of the primary waveguide and one or more sec-
ondary waveguides. A cross-track dimension of the blocker
depends on placement. Generally, for a placement between
plane 42-42 and 43-43 as depicted in FIG. 7, the cross-track
width will be about 10 to 20 microns.

In FIG. 8, an enlarged view of curved section 104 in FIG.
7 is depicted wherein the first curved portion 1051 adjoins
a front end of the second section at plane 42-42, and the
second curved portion 1063 adjoins a back end of the third
section at plane 43-43. Blocker 50 is shown with a length-
wise dimension f, a height h in an x-axis direction, and a
cross-track dimension k. A straight center portion 1062 is
formed between the first and second curved portions. Each
of the curved portions 1051, 1053 has a bending radius r as
described previously.

In another series of embodiments, many of the features
described in the TAMR light delivery waveguide circuits
(paths) of FIGS. 5-8 are maintained. However, a key dif-
ference is that the laser diode is shifted to a mount position
that is centered with respect to a back end of the slider. In
other words, the center plane through the slider intersects the
laser diode. Furthermore, the primary waveguide back sec-
tion and front section are both aligned along the center
plane. As a result of centering the laser diode on the back end
of the slider, there is a symmetric distribution of mass in the
cross-track direction. Moreover, no change is required in the
current laser diode mounting process and tooling. Mean-
while, a middle section of the primary WG includes at least
one 180° bend in order to propagate light around a blocker
at the center plane. As indicated previously, the blocker is
tilted to prevent stray light from returning to the laser diode
and causing instability in light output.

Referring to FIG. 9, another embodiment of the TAMR
light delivery waveguide circuit of the present disclosure is
illustrated. Laser diode 33 is mounted in a center position
with respect to slider back end 7e, and is intersected by
center plane 45-45. Sides 3151, 3152 of the sub-mount 31 are
preferably equidistant from the center plane. Back section
10a of the waveguide structure including spot size converter
10-2 and optional portions 10-1, 10-3 is bisected in a
lengthwise direction along the x-axis by the center plane.
Moreover, the center plane bisects front waveguide section
10¢, and the overlying PG 38. Blocker 50 is preferably
formed between a front side of back section 10a at plane
42-42, and a back side of the front section at plane 43-43,
and is intersected by the center plane. Curved middle section
10d of the waveguide forms a 180° bend around the blocker
and extends from the front side of the back section at plane
42-42 to the back side of the front section at plane 43-43. A
180 degree bend is defined as a curved shape essentially
equivalent to a half circle (or half oval) wherein the light
path 35 begins and ends at the center plane.

In a preferred embodiment, the bending radius rl is at
least 10 microns and more preferably is 20 microns or
greater to avoid sharp turns and maintain a confined propa-
gated light path in the waveguide with minimal loss of
transmission. Also, the bending radius must be sufficiently
large to allow a tilted blocker to have a cross-track dimen-
sion of about 10-20 microns so that all stray light 36 is
reflected as light 367 and prevented from returning to the
laser diode or propagating to the proximity of the ABS. The
blocker 50 has a height (x-axis dimension) of 200 nm to 1
micron at the center plane 45-45. Height d1 of the front
section is about 10-15 microns as described in the previous
embodiments.

In another embodiment shown in FIG. 10, a second 180°
bend is inserted in the middle waveguide section between
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plane 42-42 and plane 43-43. In this case, the first 180° bend
illustrated in FIG. 9 is retained and depicted as curved shape
1041, but instead of terminating the curved shape at the back
side of the front section 10c¢ at plane 43-43, a second 180°
bend 1043 is included to guide the propagated light around
a writer back gap 60 that in some TAMR heads is located in
the same plane as the primary waveguide. The writer back
gap is an alloy such as CoFeNi that is typically employed as
a magnetic connection between a return path and the main
pole layer (not shown) to complete a leading loop in the
magnetic scheme as appreciated by those skilled in the art.
Although a square shape is depicted, the writer back gap
may have other shapes including a rectangle or oval, for
example. Similar to bending radius rl, the bending radius r2
of the second 180° bend should be at least 10 microns, and
preferably at least 20 microns to maintain a confined light
path in the waveguide with minimal loss of transmission.
Furthermore, r2 may be unequal to rl.

In some embodiments, a straight waveguide portion 1042
at the center plane 45-45 may be used to connect a front end
of the first 180° bend 1041 with a back end of the second
180° bend 1043. The front end of the second 180° bend
adjoins the back side of front section 10¢ at plane 43-43.

In order to minimize the number of 180° bends and
maintain a high transmission of propagated light in the
waveguide, the TAMR light waveguide circuit shown in
FIG. 10 may be modified to the design illustrated in FIG. 11.
Thus, each of the two 180° bends in FIG. 10 is shortened to
half of a 180° bend. As a result, the middle waveguide
section between plane 42-42 and plane 43-43 has a first
curved portion 10e1 with a back end 1051 adjoining back
section 10a at plane 42-42 and a front end 1066 at plane
43-43. Straight portion 10e2 is offset a cross-track width w4
(equivalent to rl) from center plane 45-45 and adjoins an
end of the first curved portion. The straight portion 102
extends a distance d3 on the order of tens of microns in a
direction parallel to the center plane before adjoining a
second curved portion 10e3. The second curved portion also
has a bending radius r1 and returns the light path back to the
center plane, and has a front end adjoining a back side of the
front section at plane 43-43. In other words, a combination
of'two half 180° bends is used to complete a half circle (180°
bend) around a blocker 50 and writer back gap 60 which are
both intersected by the center plane.

The present disclosure is also a method of fabricating a
TAMR light delivery waveguide circuit as described herein.
According to one embodiment, the manufacturing sequence
described in related patent application Ser. No. 14/880,385
may be followed to form a secondary waveguide on and
within a dielectric layer (cladding layer) such as Al,O; or
silicon oxide. FIGS. 12-18 illustrate a sequence of process
steps that may be employed to form a waveguide structure
according to an embodiment of the present disclosure.

As depicted in FIG. 12 with a down-track cross sectional
view along center plane 45-45 shown in FIG. 9, a partially
completed substructure 80 is provided wherein the second-
ary waveguide 9 is contacted on the sides and bottom surface
by a cladding layer 6. Only the portion of the substructure
between plane 40-40 and the ABS is shown in order to focus
on key aspects of the present disclosure. The eventual
location of the ABS is indicated by plane 30-30. Note that
the secondary waveguide terminates at plane 41-41 so that
all propagated light is coupled into the primary waveguide
(shown in FIG. 18) before reaching the front end of the spot
size converter at plane 41-41. In an embodiment wherein a
blocker is included to prevent stray light from the laser diode
from reaching the ABS, a bottom portion of the blocker is
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formed at this point by using a well known process sequence
of'etching an opening 60 having a shape of the blocker in the
cladding layer, and depositing the blocker material in the
opening. The opening has a height h in the x-axis direction.

FIG. 13 depicts the substructure 80 after a bottom portion
50a of the blocker is deposited in the opening in FIG. 12, and
a chemical mechanical polish (CMP) step is performed to
form a planar surface of a substructure in the partially
completed TAMR head wherein top surfaces 9s, 6s, 50s,
respectively, of the secondary WG 9, cladding layer 6, and
blocker bottom portion are coplanar. The bottom portion 50a
has a thickness t2 that is greater than a thickness t1 of the
secondary waveguide 9 in order to prevent loosely guided
cladding modes of stray light 36 adjacent to a bottom surface
of'the secondary waveguide from reaching the ABS 30-30 as
illustrated in FIG. 18.

In FIG. 14, the substructure 80 is shown after a second
cladding layer 8 is deposited on the first cladding layer 6,
and the primary waveguide is formed by a conventional
process in the second cladding layer such that a back section
10a thereof contacts secondary waveguide 9 from plane
41-41 to a back end of the slider (not shown). Front section
10¢ is formed on cladding layer 6 between plane 43-43 and
the eventual ABS at plane 30-30. The curved middle section
10d of the primary waveguide shown in FIG. 9 is behind the
plane of the paper in FIG. 14 and subsequent drawings. Thus
the second cladding layer 8 separates the primary WG front
and back sections at plane 45-45. An opening 61 for a middle
portion of the blocker is formed above the bottom portion
50a and has the same height in the x-axis direction as
opening 60 in FIG. 12.

Referring to FIG. 15, opening 61 is filled with the middle
portion 505 of the blocker and a second CMP process may
be performed to form a planar top surface on the substruc-
ture. Thereafter, a third cladding layer 17a is deposited on
the primary waveguide and second cladding layer 8. Open-
ing 62 is formed in the third cladding layer above middle
portion 5056 and has a height in the x-axis direction equiva-
lent to that of opening 60 in FIG. 12.

In FIG. 16, an upper portion 50c¢ of the blocker is
deposited to fill opening 62 and a third CMP process may be
performed to form a planar top surface on the substructure
80. Then, a gap layer 175 is deposited on the third cladding
layer 17a. An opening 63 with the shape of the near field
transducer (PG) is formed in the gap layer and extends from
plane 30-30 to a distance d such that a back side of the
opening is a substantial distance from plane 43-43. Note that
opening 63 may extend to the right of plane 30-30 but that
portion of the PG will be removed in a subsequent lapping
procedure when the ABS is established.

Referring to FIG. 17, the PG 38 is deposited to fill
opening 63 by a conventional method. A CMP process may
be performed to form a planar top surface on substructure
80. Next, a second gap layer 18 and write pole 14 are
sequentially formed on gap layer 176 by a well known
method. Note that the blocker is now shown as a single layer
50 and consists of sub-layers 50a-50c¢ described previously.

Thereafter, a conventional sequence of steps is followed
to form the remainder of the TAMR head above the write
pole. FIG. 18 illustrates a portion of the TAMR write head
including the light delivery waveguide circuit after a lapping
process is performed to form the ABS 30-30. A single gap
layer 17 now represents the stack of layers 174, 175 depicted
in FIG. 17. The blocker 50 has a sufficient down-track
thickness to prevent stray light 36 emanating from the laser
diode (not shown) that is propagating above the plane of
primary waveguide section 10a and below the plane of the
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secondary waveguide 9 from reaching the ABS. Instead,
stray light is reflected 367 toward a back end of the slider, but
away from the laser diode, after impinging on the blocker.
Propagated light 355 in the secondary WG is coupled into
the primary WG before reaching plane 41-41 where the spot
size converter has a front side facing the ABS. Propagated
light 354 in the primary WG (along with coupled light from
the secondary WGQ) continues to plane 42-42 and is directed
around the blocker by a 180° bend (not shown) until
reaching plane 43-43 and returning to the center plane in
front section 10c. Light 35 is evanescently coupled from
front section to the PG 38 and then plasmon energy 71 from
the PG is evanescently coupled to a bit on a magnetic
medium (not shown) to facilitate a write process as appre-
ciated by those skilled in the art.

As explained earlier in related patent application Ser. No.
14/880,385, TM mode transmission coupling efficiency
from the secondary WG to the primary WG in a back section
of the waveguide structure may be optimized by fabricating
a tapered secondary waveguide design having a ridge with
a terminal width of 50-170 nm as disclosed therein. More-
over, as we have described herein, the light path may be
curved in a middle portion of the primary WG to accom-
modate a light blocker from preventing stray light from
causing undesirable thermo-mechanical expansion of metal
parts proximate to the ABS. Furthermore, the blocker is
tilted with respect to the cross-track direction to avoid
reflected light from returning to the laser diode. The front
section of the primary WG at the ABS may be offset in a
cross-track direction from the back section, or aligned along
the same center plane as the back section for better mechani-
cal stability of the head-gimbal assembly (HGA) during
device operation.

While this disclosure has been particularly shown and
described with reference to, the preferred embodiment
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made without
departing from the spirit and scope of this disclosure.

We claim:

1. A thermally assisted magnetic recording (TAMR) head
with a light delivery waveguide circuit, comprising:

(a) a laser diode that is end-fired coupled to a back end of

a slider, the laser diode directs light into a waveguide

structure that serves as a light delivery circuit for

propagating light to an air bearing surface (ABS);

(b) the waveguide structure comprising a primary wave-
guide with a back end that captures light from the laser
diode, and a front end at the ABS, the primary wave-
guide comprises:

(1) a spot size converter with a fixed down-track
thickness and two tapered sides that confine light in
a cross-track direction, the two tapered sides extend
from a back side having cross-track width w1 at a
first plane that faces the laser diode and is parallel to
the ABS to a front side at a second plane formed
parallel to the ABS and having a cross-track width
w2 where w2<w1, the spot size converter is bisected
in a lengthwise dimension by a third plane aligned
orthogonal to the ABS;

(2) a curved second section that bends propagated light
from the spot size converter, the propagated light
enters through a first end that is intersected by the
third plane and faces the spot size converter, and
exits through a second end that adjoins a back side of
a third section of the primary waveguide, the second
curved section includes a straight portion between
the first and second ends; and
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(3) the third section having width w2 between sides
aligned orthogonal to the ABS, and extending from
the second end of the second curved section to the
ABS, propagated light in the third section is evanes-
cently coupled to a near field transducer that is
configured to generate a heating spot on a magnetic
medium to facilitate a write process, the third section
is bisected by a center plane formed orthogonal to
the ABS such that the third plane is offset by a first
cross-track distance from the center plane; and

(c) the near field transducer that is between the primary
waveguide and a write pole at the ABS, and is inter-
sected by the center plane.

2. The TAMR head of claim 1 wherein the primary
waveguide further comprises a back section having a cross-
track width w1 and with a back side facing the laser diode,
and a front side adjoining the spot size converter at the first
plane.

3. The TAMR head of claim 1 wherein the primary
waveguide further comprises a fourth section with cross-
track width w2, and having a side on each side of the third
plane, the fourth section contacts the spot size converter at
the second plane, and adjoins the first end of the second
curved section at a second distance from the second plane.

4. The TAMR head of claim 1 wherein the straight portion
in the curved second section is aligned at an angle from 30
degrees to 90 degrees with respect to the third plane.

5. The TAMR head of claim 1 wherein w2 is about 400
nm to 800 nm.

6. The TAMR head of claim 1 wherein the offset between
the third plane and the center plane is about 20 nm to 200
nm.
7. The TAMR head of claim 1 wherein the first end and
second end of the curved second section have a curved shape
with a radius of curvature of at least 10 microns.

8. The TAMR head of claim 1 wherein the third section
extends a distance of about 10 to 15 microns from the ABS.

9. The TAMR head of claim 1 further comprising a
blocker made of a metal or a laminated stack of dielectric
material that is formed between the second plane and the
ABS, the blocker is intersected by the third plane.

10. The TAMR head of claim 9 wherein the blocker has
a down-track thickness greater than a thickness of the
waveguide structure, and a cross-track width in the range of
10 to 20 microns to reflect stray light from the laser diode.

11. The TAMR head of claim 9 wherein the blocker has
a dimension (height) orthogonal to the ABS of about 200 nm
to 1 micron at the third plane.

12. A thermally assisted magnetic recording (TAMR)
head with a light delivery waveguide circuit, comprising:

(a) a laser diode that is end-fired coupled to a back end of
a slider, the laser diode directs light into a waveguide
structure that serves as a light delivery circuit for
propagating light to an air bearing surface (ABS);

(b) the waveguide structure comprising a primary wave-
guide with a back end that captures light from the laser
diode, and a front end at the ABS, the primary wave-
guide comprises:

(1) a spot size converter with a fixed down-track
thickness and two tapered sides that confine light in
a cross-track direction, the two tapered sides extend
from a back side having cross-track width w1 at a
first plane that faces the laser diode and is parallel to
the ABS to a front side at a second plane formed
parallel to the ABS and having a cross-track width
w2 where w2<w1, the spot size converter is bisected

10

15

20

25

30

40

45

14

in a lengthwise dimension by a center plane aligned
orthogonal to the ABS and that intersects the laser
diode;

(2) a curved second section comprised of a 180° bend
that bends propagated light from the spot size con-
verter around a blocker which reflects stray light
from the laser diode, the propagated light enters
through a first end intersected by the center plane and
that faces the spot size converter, and exits through
a second end that is intersected by the center plane;
and

(3) the third section having width w2 between sides
aligned orthogonal to the ABS, and extending from
a front side at the ABS to a back side that adjoins a
front end of the second curved section at a third plane
formed parallel to the ABS, propagated light in the
third section is evanescently coupled to a near field
transducer that is configured to convert propagated
light to plasmon energy, and to evanescently couple
said plasmon energy to a magnetic medium to facili-
tate a write process, the third section is bisected by
the center plane;

(c) the near field transducer that is between the primary
waveguide and a write pole at the ABS, and is inter-
sected by the center plane; and

(d) the blacker that is intersected by the center plane and
formed between the first end of the curved second
section and the third plane.

13. The TAMR head of claim 12 wherein the primary
waveguide further comprises a back section having cross-
track width w1 and with a back side facing the laser diode,
and a front side adjoining the spot size converter at the first
plane.

14. The TAMR head of claim 12 wherein the primary
waveguide further comprises a fourth section with cross-
track width w2, and having a side on each side of the center
plane, the fourth section contacts the spot size converter at
the second plane, and adjoins the first end of the second
curved section.

15. The TAMR head of claim 12 wherein the curved
second section further includes a middle straight portion at
the center plane, and a second 180° bend around a writer
back gap structure, the second 180° bend has a back end
adjoining the middle straight portion and a front end adjoin-
ing the front section at the third plane.

16. The TAMR head of claim 12 wherein w2 is about 400
nm to 800 nm.

17. The TAMR head of claim 15 wherein each of the first
and second 180° bends has a radius of curvature of at least
10 microns.

18. The TAMR head of claim 12 wherein the third section
extends a distance of about 10 to 15 microns from the ABS.

19. The TAMR head of claim 12 wherein the blocker has
a down-track thickness greater than a thickness of the
waveguide structure, and a cross-track width in the range of
10 to 20 microns.

20. The TAMR head of claim 12 wherein the blocker has
a height of about 200 nm to 1 micron at the center plane.

21. A method of fabricating a light delivery waveguide
circuit in a thermally assisted magnetic recording (TAMR)
head wherein light is propagated from a laser diode through
a spot size converter to a front section of a primary wave-
guide, and is then evanescently coupled to a near field
transducer that is configured to generate a heating spot on a
magnetic medium to facilitate a write process, comprising:

(a) providing a substructure wherein a secondary wave-
guide is formed within a first cladding layer, and
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forming a bottom portion of a blocker in an upper

portion of the first cladding layer between the second-

ary waveguide and an eventual air bearing surface

(ABS) plane, the blocker reflects stray light from the

laser diode;

(b) forming a second cladding layer on the first cladding
layer, and a primary waveguide (WG) in the second
cladding layer, the primary WG has a fixed down-track
thickness and comprises:

(1) a spot size converter that adjoins a top surface of the
secondary WG and has a front end at a first plane
formed parallel to the ABS plane, and has two
tapered sides to confine propagated light in a cross-
track direction;

(2) a middle curved section that comprises a 180° bend
to direct propagated light around the blocker com-
prised of the bottom portion; and

(3) a front section that extends from a front side at the
ABS plane to a back side at a second plane that is
parallel to the ABS plane, the spot size converter,
blocker, and front section are intersected by a center
plane aligned orthogonal to the ABS plane;

(c) forming the middle portion of the blocker in the
second cladding layer between the first plane and the
second plane;

(d) forming a third cladding layer on the second cladding
layer, and an upper portion of the blocker in the third
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cladding layer, the bottom, middle, and upper portions
of the blocker have a first height at the center plane, and
form a stack having a first down-track thickness and a
cross-track width; and

(e) forming a gap layer on the third cladding layer and a

near field transducer therein at the ABS plane, the near
field transducer is intersected by the center plane and
extends a first distance towards a back end of the
TAMR head.

22. The method of claim 21 wherein the first down-track
thickness of the blocker is greater than a combined thickness
of the primary waveguide and secondary waveguide.

23. The method of claim 21 wherein the first height is
from about 200 nm to 1 micron.

24. The method of claim 21 wherein the blocker is a metal
or a laminated stack of dielectric materials.

25. The method of claim 21 wherein the middle curved
section further comprises a second 180° bend around a
writer back gap between the first 180° bend and the second
plane.

26. The method of claim 21 wherein the cross-track width
of the blocker is about 10 to 20 microns.

27. The method of claim 21 wherein the blocker is tilted
with respect to the second plane.

28. The method of claim 21 further comprised of forming
awrite pole above the near field transducer at the ABS plane.
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